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Abstract 

 
The field of photochemistry is as innovative in development as it is broad in 

application. However, utilization of energy from the sun’s electromagnetic radiation 

remains secondary to the combustion of fossil fuels for the global energy consumption. 

This is neither a sustainable nor renewable system, and it has contributed to a major 

decline in the health of our global environment as the greenhouse gases emission has led 

to an incline in global temperatures and ocean acidity. To develop effective ways to 

utilize solar energy, experimental effort is being directed towards the understanding of 

photosensitizers, molecules which absorb solar radiation and initiate redox chemistry in 

CO2 reduction catalysts. Some zinc dipyrrins, one such class of photosensitizers, are 

theorized to undergo intersystem crossing through a charge separated state, a transition 

that is stabilized in polar solvents. This transition increases the lifetime of the excited 

state, as relaxation from the triplet state occurs much slower than from the singlet state. 

A phenyl substituted zinc dipyrrin was attempted to be synthesized and characterized 

using NMR spectroscopy to probe aromatic substituent effects on the molecule’s 

photophysics. The product was analyzed by UV-vis spectroscopy in order to confirm its 

purity and TLC analysis shows that the reaction kinetics are much slower in this phenyl 

substituted zinc dipyrrin than in previous reports, most likely due to the steric 

hindrance induced by the bulky phenyl substitutions. 
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Chapter 1: Background 

The Energy Issue and its Current State:  

Hydrocarbon combustion has seen a dramatic rise in the global greenhouse gas 

emissions since the rise of the industrial revolution1. This has been linked to trends 

towards global warming2 and ocean acidification3, which may have dire effects on our 

planet’s environments. Technology is rising to the challenge of reducing emissions. For 

example, electric vehicles are suggested to offset the combustion of fossil-fuel-based 

gasoline in engines. Criticism of electric vehicles includes varying real-world emissions 

based on the fuel source that drives electricity generation, which may be higher than 

that of a conventional internal combustion engine if based on coal4. Proposed solutions 

include the advancement of renewable energy systems like solar, wind, hydroelectric, 

and geothermal; however, the batteries required to store this energy may decrease their 

validity due to deficient energy storage densities5,6.  

Additionally, current infrastructure supports consumption of carbon-based fuel 

sources with 77% of energy directed to transportation, electricity production, and other 

industries sourced from natural gas, petroleum, and coal (Figure 1)7. Studies also show 

that as early as 1965, 80% of organic products were synthesized from petroleum, a 

number that jumped to 99% in 20008. As of 2018, the petrochemical industry accounts 

for 12% of oil consumption and is estimated to account for 30% by 20309. Predictions 

show an expected 83 billion cubic meters of natural gas annually and 7 million barrels of 

oil added to daily consumption within the petrochemical industry by 20509. Furthering 

this issue, the fossil fuel extraction industry is not without environmental impact8.  
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Figure 1: The United States 2021 energy consumption by source in percentage7 

 
 

There requires a solution that satisfies the needs of a national and global 

economy and the health of a national and global environment. Enter artificial 

photosynthesis. This process, modelled off the natural manufacturing of sugars by 

plant-life and microorganisms, allows the synthesis of combustible hydrocarbons using 

carbon dioxide, sunlight, and a system of compounds that facilitate the reduction of CO2
 

to more reactive products5. It has not escaped notice that this system may be an efficient 

and regulated method of carbon sequestering for the purpose of atmospheric carbon 

dioxide concentration modulation. 

This system requires a catalyst with potentials suitable for the reduction, an 

electron donor which supplies the electron necessary for the carbon dioxide reduction, 

and a photosensitizer that harnesses solar energy in an excited state to receive an 

electron from the donor. In a reductive quenching pathway, the sensitizer acts as a 
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reducing agent, providing an electron to the catalyst (Figure 2)10. When practically 

realized, the system would be able to produce carbon building blocks that may be easily 

converted into fuels compatible with current infrastructure and many other valuable 

organic compounds while attaining net carbon neutrality.  

 
Figure 2: The reductive quenching pathway of a photocatalytic system. In this 

case, the photosensitizer (labelled ‘S’) is first excited by incident photons, then receives 
an electron from a sacrificial donor (‘D’) and delivers it to the catalyst to carry out its 
chemistry. The sensitizer is oxidized to its original state and can be excited again to 

repeat the cycle10. 
 

Research in this field is directed mainly towards the the catalyst11–16 and the 

photosensitizer10,15–28. The ideal system is one in which the components are maximally 

compatible and efficient, are cheaply made and/or highly durable, and operate on 

industrial scales in industrial setting. The McCusker Lab currently directs its attention 

to the photosensitizer. 
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Figure 3: The AM1.5 solar spectrum, showing the spectral intensity by 

wavelength of light incident on the earth’s surface29. 
  
 A useful photosensitizer must meet the following criteria: 1) absorption of light 

in the solar spectrum, which is principally comprised of visible and near IR wavelengths 

(Figure 3)29, 2) synthetic accessibility and/or high durability as a matter of course if to 

be used at industrial scale, and 3) and ability to maintain absorbed solar energy in an 

excited state long enough for the desired chemistry to ensue. For this research, the 

excited state lifetime is suitable if it falls in the microsecond timescale, as this is the 

threshold duration required for an excited photosensitizer to undergo successful 

interaction with the sacrificial electron donor. This threshold is determined based on the 

rate of diffusion of the molecule in the solvent and on reasonable concentrations of 

solute, which are dependent on its solubility and its cost.  
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Figure 4: Abundance of naturally occurring elements in the Earth’s crust with 

atomic numbers 1 through 92, except Tc30. 
 

Previous research shows there are photosensitizers that facilitate the 

photosynthetic mechanism but are not industrially viable. For instance, tris(2,2′-

bipyridine)ruthenium(II) complexes12,31 and tris(2-phenylpyrridine)iridium(III) 

complexes14,31 are commonly applied as photosensitizers, along with many of their 

derivatives12. Use of organometallic compounds coordinated to second and third period 

transition metals like tungsten31, tellurium16, gold11,32, and platinum33 have also been 

reported. However, an inherent flaw with these central metals is their lack of abundance 

in the earth’s crust30 (Figure 4). Low abundance naturally results in high cost and 

negates the goal of a long-term solution as industrial scale use of these photosensitizers 

threatens to quickly exhaust supplies of these precious metals.  

Other photosensitizers coordinated about first period transition metals, those of 

3dn electron configuration have shown promise but not viability. This principally has to 

do with the presence of ligand field states, which are the d-to-d electron transitions 

present in molecular orbital theory. For first period transition metals, these transitions 

are of lower energy than the charge transfer state transitions, as the crystal field splitting 

energy is relatively weak34. Relaxation from these states following excitation occurs very 
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quickly, decreasing the lifetime of the excited state35. The second and third period 

transition metals have a much greater crystal field splitting energy, which lends to a 

destabilization of the ligand field states34. As such relaxation occurs from the higher 

energy charge transfer states, which results in a longer lifetime of the excited state34–36. 

Transition metals of d0 and d10 electron configurations disregard ligand field states, as 

there is no ability for electron transitions to occur between d orbitals36. 

Zinc Dipyrrins 

Zinc Dipyrrins (ZnDIPY) are compounds in which two bidentate dipyrromethene 

ligands, typically of homoleptic identity, are coordinated to a zinc(II) central atom. Zinc 

acetate, the starting material for coordination of zinc to the dipyrrin, is largely available 

at ~ $1.40 per gram37. This is compared to ruthenium trichloride, the starting material 

for ruthenium coordination, at ~$60 per gram38, and iridium trichloride at $520 per 

gram39. These prices reflect the abundance of the central metals, and it may be inferred 

that given similar yields in synthesis a zinc-centered photosensitizer would be much for 

cost efficient. Zn2+ has an electron configuration of [Ar] 3d10, making these metal 

centers redox inactive (Figure 5) and ameliorating the swift nonradiative decay from 

ligand field states17,36. 

 
Figure 5: The crystal field diagram of a 3d10 electron configuration in a 

tetrahedral geometry40,41.  
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Additionally, the electron geometry about the zinc center imposes a tetrahedral 

molecular geometry and orthogonal positioning of the ligands17. Orthogonal positioning 

is of great importance, since this typically results in very poor overlap between ligand 

orbitals, meaning the ligands would undergo very little electronic resonance with one 

another. As is discussed later, this facilitates the formation of the charge separated state 

that is theorized to promote intersystem crossing to the long-lived triplet state17. 

The dipyrromethene ligand, also known as a dipyrrin, is an oligopyrrole linked by 

a methylene bridge forming a conjugated  system. These ligands have been shown to 

absorb in the visible spectrum20. Additionally, the dipyrromethene ligand (Figure 6) 

may take on substitutions at all C-H bonds in the structure, allowing a degree of tuning 

to be done on the compound as the introduction of alkyl, aromatic, or heavy atom 

groups may alter the photophysics and photochemistry of the compound24.   

 
Figure 6: IUPAC numeric ordering for a dipyrromethene ligand. See that positions 4 and 

6 are relatively inactive as they are electronically satisfied tertiary carbons19. 
 

Why is the orthogonal nature of a ZnDIPYs ligands of any importance?  

Working theory presents the formation of a charge separated (CS) state between 

said ligands in polar solvents, which may provide a medium by which intersystem 

crossing (ISC) occurs after the molecule undergoes excitation17,23,25. The orthogonality of 

homoleptic ligands allows a symmetry breaking charge transfer whereby, upon 

excitation, an electron is transferred from one ligand to the other, enforcing a separated 

charge between the ligands. Polar solvents, which stabilize this CS state via 
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intermolecular interactions that generate a secondary coordination sphere42, provide a 

state of intermediate energy by which ISC is facilitated (Figure 7). ISC is the spin-

forbidden transition of an excited electron from a between two states, in this case 

between the singlet and triplet states43. This is an important attribute to a 

photosensitizer as the relaxation of energy from the triplet state radiatively by 

phosphorescence or non-radiatively by internal conversion, occurs much more slowly 

than relaxation from the singlet excited state back to the ground state either radiatively 

by fluorescence or non-radiatively43. This results in a molecule with an increased excited 

state lifetime. Coincidentally, CO2 reductions are optimized by polar environments44, 

providing further advantage to confirming and utilizing the CS state as a pathway to 

increase the probability ISC. 

 
Figure 7: Qualitative Jablonski diagram showing the theorized effect of solvent 

polarity on the stability of the CS state. Inter-ligand electron transfer (ILET) results in a 
full charge separation rather in polar solvents 17.  

 
These ZnDIPYs ride the coattails of the largely studied and famous compound of 

the photoluminescence world: the boron dipyrrin (BODIPY). These molecules have wide 

application in medicine as ion indicators and biomarkers in fluorescence 

microscopy45,46, in industry as dyes in solar cells and lasers47,48, and, related to this 
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research, as generally high efficiency fluorophores. BODIPYs (Figure 8) also utilize the 

dypirrin ligand and so are structurally analogous to ZnDIPYs. They have been previously 

characterized in many shapes and sizes49,50, which may help motivate the substitutions 

employed on ZnDIPYs that are under current design for photosensitization. Since the 

BODIPY can only coordinate to one ligand, it does not form a CS state, making these 

compounds incredible useful for understanding the change in photophysical properties 

brought on by the CS state. These kinds of experiments control for the symmetric and 

orthogonal nature of a homoleptic ZnDIPY and may confirm the CS state as the vehicle 

by which ISC occurs. 

 
Figure 8: The skeleton structure of a BODIPY49. 

 

Previous Work 

 The McCusker lab has precedent to this research and have undergone 

investigation of alkyl and heavy atom substituent effects on ZnDIPY characteristics 

(Figure 9). As predicted in BODIPY predecessors, The successive addition of more alkyl 

substituents generally resulted in a bathochromic shift in the absorption and emission 

maxima17,19,49. In the strictly alkylated complexes, the fluorescence quantum yield was 

indirectly related to the polarity of the solvent in which the measurements were taken, 

indicating an alternate route of excited state decay. Transient absorption measurements 

revealed an increase in the triplet state yield of the compounds proportional to the 
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solvent polarity in compound 1. It was this finding that motivated the symmetry 

breaking charge separation intermediate state theory of excited state decay23,25.  

The addition of the heavy iodine substituents in at positions 2 and 8 in compound 

3 resulted in a large increase in triplet state yield as compared to compound 1 regardless 

of the polarity of the solvent in which the measurements were taken10,17, indicating a 

relaxation pathway other than through a charge separated state intermediate for this 

complex. A presumable explanation is that the rate of intersystem crossing is dictated by 

the increase of spin-orbit coupling and vibrational overlap afforded by heavy atom 

substituents. 

 
Figure 9: The structures of bis(1,3,7,9-tetramethyl-5-mesityldipyrronato)zinc(II), 

compound 1, and bis(2,8-diethyl-1,3,7,9-tetramethyl-5-mesityldipyrronato)zinc(II), 
compound 2, which probe alkyl substituent effects10,17,19. Compound 3, bis(2,8-diiodo-

1,3,7,9-tetramethyl -5-mesityldipyrronato)zinc(II), probes the effect of heavy ion 
substitutions10,17. 

 
Research Aims: 

Specific to this research, a bis(1,3,7,9-tetraphenyl-5-mesityldipyrronato) zinc(II) 

compound was attempted to be synthesized (Figure 10). The mesityl is included as the 
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electron density present on the methyl groups of the mesityl provide a steric hindrance, 

which restricts the conformational rotation of the group. As shown in previous research 

by Lindsey and coworkers, this reduces the amount of energy lost by non-radiative 

deactivation and increases excited state lifetime24,28. The phenyl groups probe the effect 

of aromatic substituents on the dipyrrin scaffold have on the characteristics of a 

ZnDIPY.  

We hypothesize that the presence of the phenyl rings will increase the value of the 

extinction coefficient, which is the intensity of absorption, and the wavelength of 

maximum absorption as compared to an aryl-substituted analogs (e.g. compounds 1 and 

2) by the expansion of the coordinated -system. Both claims have precedent in the 

behavior of -system expanded BODIPYs49. Previous research on ZnDIPY synthesis 

shows total yields between 5% and 13% using literature methods10,19,25. Two methods 

were explored to probe the yield of this compound’s synthesis. 

 
Figure 10: The structure of compound bis(1,3,7,9-tetraphenyl-5-

mesityldipyrronato) zinc(II). 
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The synthesis of 1,3,7,9-tetraphenyl-5-mesityl-dipyrromethene was previously 

attempted by Meredith, followed by a purification of the ligand via alumina column 

chromatography before coordination to zinc (Figure 11)18. The uncoordinated nitrogen 

atoms of the ligand interact strongly with the alumina, which retarded the movement of 

the ligand through the column and disallowed successful purification18. In this 

synthesis, coordination to zinc will be attempted prior to purification in hopes that the 

zinc preferentially coordinates to the ligand, at which point the nitrogen is no longer 

exposed and the product should elute readily. 

 

 
Figure 11: The purification of 1,3,7,9-tetraphenyl-5-mesityldiprromethene via 

alumina column chromatography18 
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Chapter 2: Experimental Methods 

Unless methodology is accompanied by a specific source, the steps taken in 

synthesis and purification originated from various published sources51,52 or online 

forums53. NMR data was collected using a 400 MHz JEOL AS400 FT-NMR 

spectrometer and analyzed using the SpinWorks 4.2.10 and iNMR softwares. UV-Vis 

absorption data was collected using the VWR UV6300PC double beam 

spectrophotometer. The reagents used originated from Fischer Scientific, except the 2,4-

diphenyl-1H-pyrrole, which was purchased from Sigma Aldrich. Unless specified, 

reagents were used without prior purification. 

Synthesis A 

 
Figure 12: The synthesis A reaction scheme. 

 
Attempt 1: 

Synthesis of 1,3,7,9-tetraphenyl-5-mesityldyrromethene:  

 This synthesis step was based on the method described by Rogers (1943)54. To a 

flask, 2,4-diphenyl-1H-pyrrole (0.3004 g, 1.370 mmol), trimethylbenzoic acid (0.1333 g, 

8.118 mmol), and phosphorous oxychloride (5.0 mL, 0.54 mmols) were added. The 
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mixture was heated to 95 °C and stirred for 1 hour. A dark tar like product formed in 

solution and the mixture was poured over ice (~100 mL) and sat for 10 minutes, 

quenching any unreacted phosphorous oxychloride. The mixture was then brought to 

boil with stirring, the tar-like product dissolving into a murky brown suspension. The 

product, appearing as a grainy, gray solid, was then separated by decantation. 

 The gray solid was dissolved in methanol (MeOH, 75 mL). The solution was 

poured into 100 mL of 0.1 M NaOH, resulting in the formation of peach-colored 

precipitate. The product was separated by vacuum filtration and washed 3 times with 

water, resulting in a clay-like solid. The solid was dissolved in isopropanol and filtered. 

The solvent was removed under reduced pressure. NMR analysis was done using 

deuterated chloroform (CDCl3) as the solvent. Upon dryness, the product presented 

itself as a green solid. 

Synthesis of bis(1,3,7,9-tetraphenyl-5-mesityldyrronato) zinc(II): 

 This synthesis was based on literature method described by the Thompson Lab25. 

Without further purification, MeOH (13.2 mL) and triethyl amine (TEA, 0.0726 mL) 

were added to the ligand. In a separate container, zinc acetate (0.233 g, 1.27 mmol) was 

dissolved in methanol (3.3 mL) and mixtures were combined, forming a deep red 

coloration. The mixture was left to stir overnight. No solid precipitate formed, and the 

solvent was removed under reduced pressure to result in a dark red oil. The oil was 

dissolved in 15 mL chloroform and washed three times with a similar volume of 0.1 M 

HCl and once with a similar volume of water. The organic layer was separated, and the 

solvent was removed under reduced pressure to produce a deep green-brown solid. 

NMR analysis was conducted in CDCl3.  
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Attempt 2:  

This synthesis was repeated using 0.3051 g (1.391 mmol) 2,4-diphenyl-1H-

pyrrole and 0.1298 g (0.7905 mmol) trimethylbenzoic acid to similar results for the 

ligand synthesis step. An attempt to purify the muddy, peach-colored solid was made by 

dissolution in hot methanol and the addition of water to form a precipitate. The light 

brown precipitate was dried in a desiccator for 1 ½ hours before NMR analysis was 

performed with CDCl3 as the solvent.  There was no solid product from the zinc 

coordination and the solvent was removed under reduced pressure, resulting in a dark 

red, oily solid. Purification steps were attempted, but the organic layer was spilled 

preventing analysis via NMR.  

Synthesis B 

 
Figure 13: The synthesis B reaction scheme. 

 
Attempt 1:  

Synthesis of 1,3,7,9-tetraphenyl-mesityldipyrromethane: 

 All steps of synthesis B are based on literature method described by the 

Thompson Lab25, with modification regarding the starting pyrrole. To 20 mL of DCM, 

2,4-diphyenyl-1H-pyrrole (0.2510 g, 1.145 mmol) and mesitaldehyde (0.23 g, 1.552 

mmol) were added under a nitrogen atmosphere. Once dissolved, 3 drops of 
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trifluoroacetic acid (TFA) was added and the mixture was stirred under nitrogen for 6 

hr, darkening in color over the course of the reaction. To quench the reaction, 3 drops of 

TEA were added, inducing a color change to light orange and production of an opaque 

gas. The reaction mixture was washed once with 0.1M HNO3, 3 times with water and 

once with brine. The organic layer was collected and allowed to evaporate. The product, 

a silvery-green solid assumed to be composed of some of the desired dipyrromethane, 

was used in the next step without intermediate purification.  

Aromatization to 1,3,7,9-tetraphenyl-5-mesityldiprromethene: 

 To the ligand, 10 mL of freshly distilled THF was added under a nitrogen 

atmosphere. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone or DDQ (0.3500 g, 3.238 

mmol) was dissolved in 4.5 mL of THF and then added to the reaction mixture, inducing 

a color change to a dark blue green. To this, 0.5 mL of TEA was added, inducing a color 

change to deep red. The solvent was removed under reduced pressure and an oily 

product was left over. This solid was dissolved in ~20 mL of DCM and the organic layer 

was washed three times with 0.1M HNO3, once with water, and once with brine. The 

organic layer was separated, and the solvent was removed under reduced pressure. The 

resulting coppery green oil was dissolved in CDCl3, and an NMR spectrum was taken. 

The product was assumed to be the desired dipyrrin ligand (0.22 g) and was used in the 

following step without intermediate purification. 

Synthesis of bis(1,3,7,9-tetraphenyl-5-mesityldipyrronato) zinc(II):  

 The dipyrrin was dissolved in 13.3 mL of MeOH, followed by 0.0726 mL of 

triethylamine. Zinc acetate dihydrate (0.236 g, 1.075 mmol) was dissolved in 3.3 mL of 

MeOH and was added to the reaction mixture and the solution was left to stir overnight. 

The solvent was removed under reduced pressure, yielding a red oil. This product was 
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dissolved in ~40 mL of DCM and washed 3 times with 0.1M HCl and once with water. 

The organic layer was separated, and the solvent was removed under reduced pressure. 

The resulting coppery green oil was dissolved in DCM and passed through a 2” alumina 

plug. The solvent was removed from the filtrate under reduced pressure, yielding a 

purple oil, which was dried in a desiccator. The product was passed through a 6” silica 

gel column using 10:90 ethyl acetate to hexanes as the eluent. In 5 mL intervals, 19 pink 

colored fractions were collected. TLC was performed on these fractions to determine 

which were of similar identity, those fractions being combined. The combined fractions 

were left to dry, dissolved in deuterated dimethyl sulfoxide (DMSO), and analyzed via 

NMR spectroscopy. 

Attempt 2:  

In DCM, 2,4-diphenyl-1H-pyrrole (2.500 g, 11.40 mmol) reacted with 

mesitaldehyde (0.8510g, 5.742 mmol). The dipyromethane and dipyrromethane 

synthesis were performed similarly as described above. The coordination of the dipyrrin 

to zinc was accomplished with an excess of zinc acetate (1.903 g, 8.671 mmol). The 

product was dissolved in hexanes and filtered. The filtrate evaporated, yielding a deep 

purple solid, and a residue was isolated. These components were dissolved in CDCl3 and 

analyzed via NMR. The purple component was passed through a 6” alumina column 

using 20:80 hexanes to toluene as the solvent. Fractions were collected, analyzed by 

TLC, and like fractions were combined. The combined fractions were allowed to 

evaporate and dry and were dissolved in CDCl3 for NMR analysis. Fraction 1-3 resulted 

in a spectrum most akin to expected product, and this fraction was dissolved in hexanes 

for analysis via UV-Vis spectroscopy between 300 and 800 nm. 
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Attempt 3: 

2,4-diphenyl-1H-pyrrole (0.5010 g, 2.285 mmols) was reacted with 

mesitaldehyde (0.170 g, 1.147 mmol) as prior, but the reaction was allowed to run 58 

hours while monitoring with TLC using 10:90 ethyl acetate to hexanes as the eluent. The 

resulting dipyrromethane was aromatized and coordinated to zinc according to the 

previous methodology with stoichiometric amounts of reagents. The intermediate and 

final products were analyzed by NMR in CDCl3. The synthesis resulted a deep purple 

product of low yield.  
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Chapter 3: Results and Discussion 

Synthesis A: 

 In both attempts, synthesis A yielded a dipyrrin product that was initially of a 

clay brown coloration (Figure 14). This is an immediate indication that the reaction 

failed to progress as planned with any decent yield. The aromatized dipyrrin should 

strongly absorb visible light, its predecessors being of green, yellow, and red 

colorations10,19. NMR analysis showed a very crowded aromatic region, confounded by 

the persistence of starting pyrrole in the system.  

 
Figure 14: The solid precipitate following the addition of NaOH to the MeOH solution in 
the synthesis A. This step yields the dipyrrin, which should be very active in the visible 

region. 
 

Two broad peaks at  = 8.717 and 8.447 ppm may be indicative of N-H bond 

signals, either from the dipyrromethene or the starting pyrrole. A peak at  = 9.877 ppm 

may be indicative of the O-H bond of trimethylbenzoic acid, although it is much further 

upfield than previously reported55. Ideally, there is a signal corresponding to the pyrrolic 

C-H hydrogen at   5.9 ppm18 (Figure 15). There is no such peak in this spectrum. It 

appears that some alteration of the starting materials has occurred, but not that of the 
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desired results. It is appropriate to note that the NMR spectra are generally 

unintelligible, which may be due to issues in functionality in the NMR spectrometer at 

the time of this synthesis.  

 
Figure 15: The pyrrolic hydrogens of 1,3,7,9-tetraphenyl-5-mesityldipyrromethene. 

Phenyl groups are abbreviated ‘Ph’. 
 

 The zinc coordination step of Synthesis A yielded a very small amount of a 

greenish-brown solid. The NMR analysis provided no confirmation of the ZnDIPY 

present in the system. The addition of the zinc central atom eliminates the N-H bond of 

the dipyrrin ligand, and the most noticeable change in the chemical environments of the 

hydrogens in the structure would occur at the pyrrolic hydrogens, as these are closest to 

the coordination site (Figure 16). This change should alter the chemical shifts of these 

hydrogens to some degree when compared to the free ligand. A persistence of the 

pyrrolic N-H signal at ~9.8 ppm indicates that this synthesis had little success, and 

there was no identification of a shift in the pyrrolic hydrogen signals.  

 
Figure 16: The pyrrolic hydrogens of the dipyrromethene vs. the ZnDIPY. Phenyl and 

mesityl (‘Mes’) groups are abbreviated. 
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Synthesis B:  
 

The dipyrromethane step of synthesis B yielded a brownish-green, flaky solid, 

much like the starting pyrrole. This synthesis results in the unconjugated form of the 

dipyrrin, meaning the conjugated pi chain does not expand and the absorption and 

emission qualities are not expected to change. Ideally, a singlet peak representing the C-

H bond of the methylene bridge would be present at   5.7 ppm 19 (Figure 17). There is 

no such peak in the spectrum. 

 
Figure 17: The unsaturation of the methylene bridge from dipyrromethane to 

dipyrromethene.  
 

 A singlet at 6.241 ppm may be indicative of a pyrrolic C-H signal on the 

dipyrromethane. Methyl (-CH3) signals of the dipyrromethane shifted upfield from 

those of the starting mesitaldehyde to 2.215 ppm and 2.018 ppm, with integration values 

of ~1:2 as expected. The ratios of mesitaldehyde -CH3 peaks to dipyrromethane -CH3 

peaks are 2.72 for the ortho-positioned methyl groups and 3.04 for the para-positioned 

methyl groups (Figure 18).  
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Figure 18: Methyl signals in the 1H NMR of the dipyrromethane product of Synthesis B, 
attempt 2. The upfield signals are of the dipyrromethane, whereas the downfield signals 

are of the starting mesitaldehyde. 
 

The aromatic region has high activity, with a multiplets and doublets ranging 

from ~7.10 ppm to ~7.60 ppm, integrating to values in the multiple hundreds. This is 

much higher than expected for the dipyrrin structure, and these inflated values are likely 

caused by aromatic hydrogens present in the unreacted starting pyrrole. A new broad 

peak presents itself at 8.084 ppm, indicating the pyrrolic N-H bond present in the 

dipyrrin structure. The peaks indicative of the starting materials are still prevalent in the 

dipyrromethane, meaning the reaction did not reach completion in 6 hours, opposing 

previous syntheses which reported quantitative yields in this step10,19,25. This is most 

likely due to the bulky phenyl substitutions on the starting pyrrole inhibiting the 

interaction with the other reagents, as it is well established that steric hindrance often 

has a retarding effect on reaction rate56. It must also be noted that this reaction is 
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occurring at much lower concentrations than those from the source literature, as the 

mass of the phenyl substituted pyrrole is greater than the starting pyrroles used in the 

source. 

Upon the addition of the DDQ oxidizing agent, the coordination of the two 

pyrrole rings through the methylene bridge elongates the pi system and induced a color 

change to a very dark green. It is worth mentioning that the color qualities of this 

molecule are extremely flexible, appearing coppery green in acidic solution and a dark 

red in basic solutions, a characteristic observed in similar dipyrrin structures that may 

be induced by the protonation state of the pyrrolic hydrogen20. NMR analysis of the 

product reveals the continued presence of starting materials and solvent peaks, and 

little perceived change from the spectrum of the dipyrromethane form. This is expected, 

since the only major change is the loss of the C-H singlet of the methylene bridge in its 

conversion to the methine bridge form (Figure 17). Since this peak was never identified 

in the dipyrromethene, there is no indication of change, other than slight shifts in some 

signals.  

Synthesis the bis(1,3,7,9-5-mesityl-dipyrronato)zinc(II) compound resulted in 

extremely low yields of a purple solid. No precipitate formed from the coordination of 

zinc to the dipyrrin ligand, which opposes previous synthesis procedures of like 

molecules57,58. The bulkiness of the phenyl groups on the ZnDIPY may alter its solubility 

in methanol. Since the reaction relies on the precipitation of the product to induce a 

shift further towards the products by Le Chatelier’s principle, this may be a variable 

which reduces yield in the step. To remedy this, a synthesis was attempted with excess 

zinc acetate to artificially force the reaction equilibrium towards the product. 
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Figure 19: The light blue residue (left) of the hexanes extraction of the product of 

the bis(1,3,7,9-5-mesityl-dipyrronato)zinc(II) synthesis, and the deep purple solid 
(right) produced from the filtrate.  

 
It is unclear if additional zinc acetate improved yield. However, solubility tests 

indicated the presence of an insoluble residue in hexanes. A hexanes extraction yielded a 

light blue residue, and a deep purple filtrate (Figure 19). NMR analysis was done before 

and after the extraction, revealing the light blue product as unreacted pyrrole. The 

purple product may be confirmed as the desired product (Figure 20, Table 1). It retained 

the methyl groups of the mesityl substituents, as well as the pyrrolic C-H signal expected 

in the desired structure. A slight upfield shift occurred in the pyrrolic C-H signal, from 

6.232 ppm to 6.228 ppm, potentially caused by a change in the chemical environment 

induced by the coordination of zinc.  
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Figure 20: NMR of bis(1,3,7,9-5-mesityl-dipyrronato)zinc(II) synthesis succeeding 

hexanes extraction from 0.0 ppm to 3.0 ppm (top) and from 6.0 to 10.6 ppm (bottom). 
See Table 1 in Appendix A for integration and interpretation. 
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The ZnDIPY product was run through an alumina column, separating the product 

into a pink band that eluted quickly and a red band that persisted on top of the alumina. 

The red band is uncoordinated dipyrrin whose nitrogen cling to the alumia18. The silica 

column separated colored bands throughout its length (Figure 21, left). A bright purple-

pink band, the most visibly active passed through the column first, then a lighter pink 

band, and finally by a UV active component with very light pink coloration (Figure 21, 

right). Some bands remained in the column despite the amount of eluent passed 

through the column. Fractions 1-3 yielded a deep pink-purple solid and were 

consolidated, fractions 4-6 yielded an emerald-green solid and were consolidated, 

fractions 7 and 8 yielded a small amount of purple solid and were consolidated, and 

fractions 9-12 were highly UV active and yielded very small amount of light purple solid 

of elongated crystals. Fractions 2, 5, 7 and 8 together, and 10 analyzed by NMR in 

CDCl3, revealing that fractions 1-3 are most likely the desired products. The 

mesitaldehyde CH3 peaks were removed from the spectrum, and the aromatic region 

integrates to a much lower value, indicating an increase in purity and removal of most of 

the starting materials. Fractions 4-8 are composed predominantly of mesitaldehyde 

starting material and some trace pyrrole and ZnDIPY, and fraction 10 was composed of 

the starting pyrrole.  



  Owen 33 

 

   
 

  
Figure 21: The silica column used to separate the ZnDIPY from the other 

components of the reaction mixture (left), and the example of a fraction, fraction 10, 
which was highly UV active (right). 

 
The product of fractions 1-3 were further analyzed via UV-Vis spectroscopy. 

Previous analysis of these compounds shows that the absorbance peaks are sharp and 

Gaussian in nature10,17,25. The absorption spectra of this compound indicate a maximum 

between 520 and 545 nm (Figure 22). The spectrum reveals a shoulder near the peak of 

the curve, indicating some sort of impurity that broadens the peak. Thus, the 

chromatography step did not accomplish complete purification, and further steps are 

required. The yield of this synthesis attempt was too low to initiate further purification 

steps, and was very low overall, although not quantified.  
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Figure 22: The absorbance spectrum of the ZnDIPY product in fractions 1-3.  

 
 

The low yield was hypothesized to originate in part in the dipyrromethene 

synthesis step due to the bulky phenyl groups of the starting pyrrole, and allowing the 

reaction to run longer was attempted to increase overall yield. The synthesis was carried 

out to the zinc coordination, and this attempt also resulted in a deep purple solid. NMR 

analysis shows impuriy in the final product, so yield cannot be calculated. TLC 

monitorring of the dipyrromethane synthesis step indicated 3 components in the 

reaction mixture throughout the reaction: the starting mesitaldehyde, pyrrole, and the 

dipyrromethane product. Over the course of the reaction, TLC indicated that the 

product increased in concentration, but with maintained prelevence of the starting 

materials. NMR analysis of the dipyrromethane product indicates ratios of product to 

starting mesitaldehyde -CH3 peaks of are 2.40 for the para-positioned methyl groups 

and 2.30 for the ortho-positioned methyl groups (Figure 23). This indicates that the 

extended reaction time did little to increase dipyrromethane yields, since both attempt 2 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

350 450 550 650 750

A
b

so
rb

a
n

ce

Wavelength (nm)



  Owen 35 

 

   
 

and 3 utilized stoichiometric equivlents of the starting mesitaldehyde and pyrrole and 

attempt 2 produced greater product to starting material ratios in the NMR analysis.  

 
Figure 23: Methyl signals in the 1H NMR of the dipyrromathane product of Synthesis B, 
attempt 3. The upfield signals are of the dipyrromethane, whereas the downfield signals 

are of the starting mesitaldehyde. 
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Chapter 4: Conclusions 
 

 In this experiment, synthesis of bis(1,3,7,9-tetraphenyl-5-mesityldipyrronato) 

zinc(II) was attempted using two literature methods to probe the effect of aromatic 

substitution on the photochemical and photophysical characteristics of the zinc dipyrrin 

class of photosensitizers.   

The first was the reaction was of 2,4-diphenyl-1H-pyrrole with trimethylbenzoic 

acid catalyzed by phosphorous oxychloride, and the second was the reaction of pyrrole 

with an aldehyde catalyzed by trifluoroacetic acid, both followed by the coordination to 

zinc using zinc acetate. The former method failed to synthesize the desired product, 

whereas the later method yielded good evidence that the product was successfully 

synthesized, albeit with low yields. An extended reaction time in the dipyrromethane 

synthesis step of the latter method failed to increase the reaction yield of this step, and 

quantitative yields like those reported in like syntheses17,25 were far from achieved. Low 

yields prevented purification without loss of most of the product, so further structural 

characterizations like high resolution mass spectroscopy and elemental analysis were 

not accomplished. Future experiments may include scaling up the synthesis to isolate 

enough product for sufficient purification, with final yields high enough to quantify the 

photophysical characteristics of the compound. These photophysical characterizations 

include reporting absorption and emission spectral data, the molar absorptivity, and the 

triplet state yield in solvents of various polarities. 

 Coordination of the ligand to zinc before purification allowed the product to elute 

with good efficiency, as opposed to the inefficient separation reported Meredith’s 

thesis18, resolving the perceived issue. The results of this experiment pose two new 

problems: 1) how is the dipyrromethane step yield further increased and 2) what solvent 
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system may result in the precipitation of the phenyl substituted ZnDIPY in the zinc 

coordination step? An obvious remedy may be to increase the concentration of the 

starting materials in the synthesis of dipyrromethane. Another potential optimization in 

methodology is to consider size exclusion chromatography to separate the dipyrrin 

ligand from ZnDIPY.  

 Future aims of this research are to characterize the bis(1,3,7,9-tetraphenyl-5-

mesityldipyrronato) zinc(II) in its pure form and quantify its photophysical 

characteristics as previously mentioned. Synthesis of a BoDIPY with the 1,3,7,9-

tetraphenyl-5-mesityldipyrrin ligand will be performed to compare the triplet state yield 

of the ZnDIPY and the BoDIPY in solvents of various polarities to probe the role of CS 

state formation in ISC within the ZnDIPY. 
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Appendix: 
 

Table 1: The NMR spectrum of the purple product succeeding hexanes extraction. 

Shift (𝛿) Integration Multiplicity Identity 

0.073 53 s grease 

0.881 1.846 m hexanes 

1.253 5.78 s hexanes 

1.64 14.78 s water 

2.01 12.08 s o-methyl (product) 

2.208 6 s p-methyl (product) 

2.323 20.8 s p-methyl (mesitaldehyde) 

2.586 41.8 s o-methyl (mesitaldehyde) 

6.228 1.97 s pyrrolic C-H (product) 

6.719 4.22 d ? 

6.758 4.26 s ? 

6.906 13.78 s 
aromatic hydrogen 
(mesitaldehyde) 

7.070 - 7.416 49.1 m 
aromatic hydrogen 
(product) 

7.477-7.813 1.21 m 
aromatic hydrogen 
(diphenyl pyrrole) 

7.812 0.238 dd 
aromatic hydrogen 
(starting pyrrole)  

8.083 3.8 bs N-H (dipyrromethene) 

8.54 0.728 bs N-H (diphneyl pyrrole) 

10.567 6.8 s COH (mesitaldehyde)  
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